Rajendrasozhan S, Chung S, Sundar IK, Yao H, Rahman I. Targeted disruption of NF-B1 (p50) augments cigarette smokeinduced lung inflammation and emphysema in mice: a critical role of p50 in chromatin remodeling. Am J Physiol Lung Cell Mol Physiol 298: L197-L209, 2010. First published December 4, 2009 doi:10.1152/ajplung.00265.2009.-NF-B-mediated proinflammatory response to cigarette smoke (CS) plays a pivotal role in the pathogenesis of chronic obstructive pulmonary disease (COPD). The heterodimer of RelA/p65-p50 (subunits of NF-B) is involved in transactivation of NF-B-dependent genes, but interestingly p50 has no transactivation domain. The endogenous role of p50 subunit, particularly in regulation of CS-mediated inflammation in vivo, is not known. We therefore hypothesized that p50 subunit plays a regulatory role on RelA/p65, and genetic ablation of p50 (p50 Ϫ/Ϫ ) leads to increased lung inflammation and lung destruction in response to CS exposure in mouse. To test this hypothesis, p50-knockout and wildtype (WT) mice were exposed to CS for 3 days to 6 mo, and inflammatory responses as well as air space enlargement were assessed. Lungs of p50-deficient mice showed augmented proinflammatory response to acute and chronic CS exposures as evidenced by increased inflammatory cell influx and proinflammatory mediators release such as monocyte chemoattractant protein-1 (MCP-1) and interferon-inducible protein-10 (IP-10) compared with WT mice. IKK2 inhibitor (IMD-0354), which reduces the nuclear translocation of RelA/p65, attenuated CS-mediated neutrophil influx in bronchoalveolar lavage fluid and cytokine (MCP-1 and IP-10) levels in lungs of WT but not in p50-deficient mice. Importantly, p50 deficiency resulted in increased phosphorylation (Ser276 and Ser536), acetylation (Lys310), and DNA binding activity of RelA/p65 in mouse lung, associated with increased chromatin remodeling evidenced by specific phosphoacetylation of histone H3 (Ser10/Lys9) and acetylation of H4 (Lys12) in response to CS exposure. Surprisingly, p50-null mice showed spontaneous air space enlargement, which was further increased after CS exposure compared with WT mice. Thus our data showed that p50 endogenously regulates the activity of RelA/p65 by decreasing its phosphoacetylation and DNA binding activity and specific histone modifications and that genetic ablation of p50 leads to air space enlargement in mouse.
ment of COPD is inhalation of noxious particles and gases, mostly cigarette smoke (CS) that contains high levels of reactive oxygen species (approximately 10 15 to 10 17 oxidants/ free radicals per puff), reactive aldehydes, and quinones (12, 49) . Very little is known about the exact molecular mechanism of CS-induced abnormal lung inflammation that is involved in pathogenesis of COPD. It is well-known that CS-mediated activation of NF-B plays an important role in sustained proinflammatory response seen in COPD (3, 13, 39, 40) . NF-B regulates gene expression of proinflammatory cytokines, chemokines and matrix metalloproteinases (MMPs). The members of NF-B family include RelA/p65, RelB, c-Rel, p105/p50 (NF-B1), and p100/p52 (NF-B2), which function as a homodimer and heterodimer. The most abundant form of NF-B is the RelA/p65-p50 heterodimer, which is localized predominately in the cytoplasm bound to IB␣. In response to proinflammatory and oxidative stimuli, such as CS exposure, IB␣ is phosphorylated by IKK and degraded, which, in turn, allows RelA/p65-p50 to translocate into the nucleus and activate transcription of a variety of proinflammatory genes (39, 41, 46) . However, the endogenous role of p50 subunit particularly in regulation of CS-mediated inflammation in vivo is not known. It is possible that p50 regulates RelA/p65 and hence proinflammatory gene transcription.
The p50 subunit of NF-B is transcriptionally inactive because of the absence of transactivation domain. The p50 homodimers cannot recruit coactivator complex such as cAMP response element binding protein (CREB)-binding protein (CBP)/p300 and p300/CBP-associated factor (PCAF) to initiate gene transcription, whereas RelA/p65-p50 heterodimers recruit coactivators and mediate NF-B-dependent gene expression (32, 44, 57) . Furthermore, p50 homodimer is reported to repress NF-B-dependent transcription of proinflammatory genes by competing with other transcriptionally active dimers, such as RelA/p65-p50 for binding to NF-B motif (19, 26, 38, 41) , inducing anti-inflammatory and antiapoptotic genes (26, 53) , or recruiting histone deacetylases (HDACs 1-3) to bind to DNA (56, 61) . Under normal conditions, a small amount of p50 is present in the nucleus (24, 47) , and binding of p50 to the proinflammatory gene (TNF-␣) promoter is reported to decrease gene expression (1) . We therefore hypothesized that p50 is critical in regulating NF-B (RelA/p65)-mediated proinflammatory response in the lung by CS exposure. In this study, the function of p50 in CS-induced lung inflammation and emphysema was determined by using mice homozygous for null mutations in NF-B1 genes, which lack p50 subunit of NF-B (p50 Ϫ/Ϫ ). We also studied whether genetic ablation of p50 has any impact on RelA/p65 activation and histone acetylation in response to CS exposure in mouse lung.
MATERIALS AND METHODS

Materials.
Unless otherwise stated, all biochemical reagents used in this study were purchased from Sigma (St. Louis, MO). Antibodies against phospho-RelA/p65 (Ser276; cat. no. 3037S), phospho-RelA/ p65 (Ser536; cat. no. 3036S), acetylated RelA/p65 (Lys310; cat. no. 3035S), acetylated and phosphorylated histone H3 (Lys9/Ser10; cat. no. 9711S), histone H3 (cat. no. 9715), acetylated histone H4 (Lys12; cat. no. 2591S), and histone H4 (cat. no. 2592) were purchased from Cell Signaling Technology (Danvers, MA). Antibodies against IB␣ (sc-847), NF-B RelA/p65 (sc-372), MMP-9 (sc-10737), MMP-12 (sc-30072), and lamin B (sc-6216) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-NF-B p105/p50 (ab32360) and anti-␤-actin (CP01) antibodies were purchased from Abcam (Cambridge, MA), and Calbiochem (La Jolla, CA), respectively.
Mice. The p50 knockout mice (p50 Ϫ/Ϫ ), which had targeted disruption of NF-B1 gene (42) , and wild-type (WT) mice of similar genetic background (C57BL/6J ϫ 129/SvJ and 129/SvJ) were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were bred and maintained under specific pathogen-free condition in the Vivarium Facility of the University of Rochester. Targeted disruption of NF-B1 gene was verified by genotyping, and only homozygous knockout mice were used in the study. WT and p50 Ϫ/Ϫ mice were 8 -10 wk of age at the beginning of experiments (air/CS exposure). All procedures were performed in accordance with the standards established by the United States Animal Welfare Acts, as set forth by National Institutes of Health (NIH) guidelines, and the research protocol for these studies was approved by the University Committee on Animal Research.
CS exposure. Mice were exposed to acute (3 days), subchronic (8 wk), and chronic (4 or 6 mo) CS using Baumgartner-Jaeger CSM2082i cigarette smoking machine (CH Technologies, Westwood, NJ) in the Inhalation Core Facility at the University of Rochester (28, 40, 58 -60) . In brief, mice were placed in individual compartments of a wire cage, which was placed inside a closed plastic box connected to the smoke source. The smoke was generated from 2R4F research cigarettes containing 11.7 mg of total particulate matter (TPM), 9.7 mg of tar, and 0.76 mg of nicotine per cigarette (University of Kentucky, Lexington, KY). Mice received two 1-h exposures per day, 1 h apart, according to the Federal Trade Commission protocol (1 puff/min of 2-s duration and 35-ml volume) for 3 days to 6 mo. Mainstream CS was diluted with filtered air and directed into the exposure chamber. The smoke exposure (TPM per cubic meter of air) was monitored in real-time with a MicroDust Pro aerosol monitor (Casella CEL, Bedford, United Kingdom) and verified daily by gravimetric sampling. The smoke concentration was set at a nominal value of ϳ300 mg/m 3 TPM by adjusting the number of cigarettes used to produce smoke and the flow rate of the dilution air. Control mice were exposed to filtered air in an identical manner for the same duration of time. Carbon monoxide concentration in the chamber was 290 -300 parts per million (ppm).
Drug administration. IKK2 inhibitor IMD-0354 was purchased from Sigma. Vehicle (0.5% carboxymethylcellulose) or IMD-0354 was administered to mice (30 mg/kg) by intraperitoneal injection (22, 23) at 2 h before CS exposure daily for 3 days.
Differential cell count in BAL fluid. Mice were killed at 4 or 24 h after the last exposure by an intraperitoneal injection of pentobarbital sodium (100 mg/kg; Abbott Laboratories, Abbott Park, IL) followed by exsanguination. The lungs were lavaged three times with 0.7 ml of saline via a cannula inserted into the trachea. The aliquots were combined and centrifuged, and the bronchoalveolar lavage (BAL) inflammatory cell pellet was resuspended in saline. The total cell number was determined with a hemocytometer, and cytospin slides (Thermo Shandon, Pittsburgh, PA) were prepared using 50,000 cells per slide. Differential cell counts (ϳ500 cells per slide) were performed on cytospin-prepared slides stained with Diff-Quik (Dade Behring, Newark, DE).
Hematoxylin and eosin staining and mean linear intercept analysis. Mouse lungs (which had not been lavaged) were inflated by 1% low-melting agarose at a pressure of 25 cmH 2O and then fixed with neutral buffered formalin. Tissues were embedded in paraffin, sectioned (4 m), and stained with hematoxylin and eosin (H&E). Alveolar size was estimated from the mean linear intercept (Lm) of the air space, which is a measure of air space enlargement/emphysema. Lm was calculated for each sample based on 10 random fields observed at a magnification of ϫ200 using a cross-line as described previously (16, 25) .
Immunohistochemical staining for macrophages. Lung sections were deparaffinized and hydrated by passage through a series of xylene and graded alcohol. Endogenous peroxidase activity was quenched by exposure to 3% H2O2 in methanol for 30 min. Nonspecific binding of antibodies to the tissues was blocked by incubation of the tissue with 10% normal goat serum (Invitrogen, Carlsbad, CA) for 30 min. For detection of macrophages, the tissues were incubated with anti-mouse Mac-3 monoclonal antibody (BD Pharmingen, Franklin Lakes, NJ) overnight at 4°C at a titer of 1:100. After they were washed, the tissues were incubated with secondary antibody at a titer of 1:1,000 for 30 min. 3,3Ј-Diaminobenzidine (Vector Laboratories, Burlingame, CA) was used as peroxidase substrate. In each instance, sections from different groups were processed together with equal time for color development. Tissue slides were counterstained with hematoxylin. The number of Mac-3-positive cells in lung sections (5 random microscopic fields per lung section in 3 different sections) was counted manually at ϫ200 magnification and averaged (7, 16, 57, 59, 60) .
Isolation of nuclear extract and acid extraction of histones. One lobe of the lung was mechanically homogenized in 0.5 ml of buffer A [10 mM HEPES (pH 7.8), 10 mM KCl, 2 mM MgCl 2, 1 mM DTT, 0.1 M EDTA, 0.2 mM NaF, 0.2 mM sodium orthovanadate, 1% (vol/vol) Nonidet P-40, 0.4 mM phenylmethylsulfonyl fluoride, and 1 g/ml leupeptin] on ice. The homogenate was centrifuged at 2,000 rpm for 30 s at 4°C to remove cellular debris. The supernatant was then transferred to a 1.7-ml ice-cold Eppendorf tube and further centrifuged for 30 s at 13,000 rpm at 4°C. The supernatant was collected as a cytoplasmic extract. The pellet was resuspended in 200 l of buffer C [50 mM HEPES (pH 7.8), 50 mM KCl, 300 mM NaCl, 0.1 M EDTA, 1 mM DTT, 10% (vol/vol) glycerol, 0.2 mM NaF, 0.2 mM sodium orthovanadate, and 0.6 mM phenylmethylsulfonyl fluoride] and placed on the rotator in the cold room for 30 min. After centrifugation at 13,000 rpm for 5 min, the supernatant was collected as the nuclear extract and kept frozen at Ϫ80°C for immunoblotting. For extraction of histone protein, pellets from the nuclear extraction were resuspended in 150 l of deionized water containing 0.2 N HCl and 0.36 N H2SO4. The histone proteins were precipitated from the supernatant, agitated overnight at 4°C, and then centrifuged at 13,000 rpm for 10 min, and the supernatant was transferred into a fresh tube. Ice-cold acetone precipitation samples were incubated overnight at Ϫ80°C and centrifuged, and the air-dried pellets were resuspended in 50 l of deionized water.
Protein assay. Protein levels were measured with a BCA kit as per the manufacturer's instructions (Thermo Scientific, Rockford, IL). Protein standards were obtained by diluting a stock solution of BSA. Linear regression was used to determine the actual protein concentration of the samples.
Cytokine analysis. The level of proinflammatory mediators such as monocyte chemoattractant protein-1 (MCP-1) and interferon-inducible protein-10 (IP-10) in lung homogenates were measured by ELISA using respective duo-antibody kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. The results were expressed in the samples as picograms per milligram protein.
Western blotting. Proteins (20 g) from lung tissue homogenates, including cytoplasmic and nuclear fractions, and histone extracts were separated on a 7.5-14% SDS-polyacrylamide gel. Separated proteins were electroblotted onto nitrocellulose membranes (Amersham, Arlington Heights, IL) and blocked for 1 h at room temperature with 5% BSA. The membranes were then probed with a specific primary antibody (1:1,000 dilution in 5% BSA in PBS containing 0.1% Tween 20) at 4°C overnight. After three washing steps (10 min each), the levels of protein were detected by probing with secondary anti-rabbit, anti-mouse, or anti-goat antibody (1:10,000 dilution in 5% BSA in PBS containing 0.1% Tween 20) linked to horseradish peroxidase for 1 h, and bound complexes were detected using the enhanced chemiluminescence method (PerkinElmer, Waltham, MA). Equivalent loading of the gel was determined by quantitation of protein as well as by reprobing membranes for actin, lamin B, histone H3, or histone H4. The levels of MMP-9 and MMP-12 were estimated in lungs of acute (3 days) and chronic (6 mo) air-or CS-exposed mice by immunoblotting.
EMSA. NF-B DNA binding was determined using the EMSA detection kit (Promega, Madison, WI) in the nuclear proteins of mouse lungs. The sequence of NF-B consensus oligonucleotide was 5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј and 3Ј-TCA ACT CCC CTG AAA GGG TCC G-5Ј. Synthetic double-stranded oligonucleotides were labeled with [␥-
32 P]ATP using T4 polynucleotide kinase as recommended by the manufacturer. A binding mixture containing 5 g of nuclear extract, 2.5 l of 5ϫ binding buffer [50 mM Tris ⅐ HCl (pH 7.5), 250 mM NaCl, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 20% glycerol, and 0.25 mg/ml poly(dI-dC) ⅐ poly(dIdC)], and 1 l of ␥-32 P-labeled double-stranded probe was used for the DNA-binding reaction at room temperature for 30 min. To ensure that the detected bands were specific for NF-B, a 100-fold excess of unlabeled competitor (NF-B consensus oligonucleotide) and noncompetitor (activator protein-2 consensus oligonucleotide) was added to the reaction mixture before addition of the probe. Gel tracking dye [250 mM Tris ⅐ HCl (pH 7.5), 0.2% bromophenol blue, and 40% glycerol] was loaded into lane 1, and the DNA-protein complexes were loaded into the remaining wells without tracking dye on the 6% nondenaturing polyacrylamide gel. After electrophoresis, the gel was dried and subjected to autoradiography.
Statistical analysis. Data were presented as means Ϯ SE for a minimum of 3 animals per group. Statistical analysis of significance was calculated using one-way ANOVA followed by Tukey post hoc test for multigroup comparisons using StatView software. P Ͻ 0.05 was considered as significant.
RESULTS
Knockout of p50 augmented the inflammatory cell influx in response to CS exposure in mouse lungs. To determine the role of p50 subunit of NF-B on CS-induced lung inflammation, p50
Ϫ/Ϫ and WT mice were exposed to CS, and inflammatory cell influx into BAL fluid and lung tissue was assessed by Diff-Quik and Mac-3 immunohistochemical staining, respectively. WT mice showed significant neutrophil influx in BAL fluid only at 8 wk, but not at 3 days, of CS exposure, whereas p50 Ϫ/Ϫ mice showed significantly higher neutrophil influx compared with WT mice both at 3 days and 8 wk of CS exposure (Fig. 1) . The increased inflammatory cell influx in lung of p50 Ϫ/Ϫ mice was persistent until 6 mo of CS exposure (Figs. 1C and 2 ). The number of total cells and macrophages was not significantly altered in BAL fluid from 3 days to 6 mo of CS exposure (data not shown). However, macrophage infiltration in lungs of p50 Ϫ/Ϫ mice was significantly increased compared with WT mice in response to acute and subchronic CS exposure (Fig. 2) . Thus p50 Ϫ/Ϫ mice showed increased inflammatory cell influx in lung in response to CS exposure.
Knockout of p50 increased the proinflammatory mediator levels in lung in response to CS exposure. CS-mediated release of proinflammatory mediators recruit macrophages and neutrophils into the lung tissue (2, 43, 59, 60) . Therefore, to confirm the increased inflammatory response in p50 Ϫ/Ϫ mice exposed to CS, the levels of proinflammatory mediators (MCP-1 and IP-10) were measured in the lung homogenate using commercially available ELISA kits. Lungs of p50 Ϫ/Ϫ mice showed increased basal level MCP-1 compared with WT mice (Fig. 3A) . CS exposure significantly (P Ͻ 0.05) increased the level of Ϫ/Ϫ mouse in response to cigarette smoke (CS) exposure. Neutrophils were analyzed by Diff-Quik staining in the cytospin slides, which were prepared using BAL fluid collected by lung lavage in air-or CS-exposed wild-type (WT) and p50 Ϫ/Ϫ mice. Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.001, significant compared with CS-exposed WT mice.
IP-10 in WT mice at 3 days but did not alter the levels of MCP-1 compared with air-exposed group (Fig. 3) . Furthermore, p50
Ϫ/Ϫ mice showed increased levels of MCP-1 and IP-10 in response to 3 days to 6 mo of CS exposure compared with WT mice (Fig. 3) . These results confirm that lungs of p50 Ϫ/Ϫ mice are more susceptible than WT mice to CSmediated inflammation.
Knockout of p50 led to increased air space enlargement in mouse lungs. In addition to sustained inflammatory response, emphysema is also associated with CS exposure in humans (21) . To assess the role of p50 in CS-mediated air space enlargement/emphysema, Lm of p50 Ϫ/Ϫ mice exposed to air or CS for 3 days to 6 mo was measured. Acute CS exposure did not change the index of alveolar destruction, as assessed by Lm, in either WT or p50 Ϫ/Ϫ mice. The alveolar size was quantitatively greater in air-exposed p50 Ϫ/Ϫ mice at 6 mo compared with 3 days air-exposed WT and p50 Ϫ/Ϫ mice (Fig. 4,  A and B) . In addition, the spontaneous emphysema (alveolar destruction and air space enlargement) seen in p50 Ϫ/Ϫ mice was further increased by 6 mo of CS exposure. Chronic (6 mo) air-and CS-exposed mice also showed a similar trend of air space enlargement (Fig. 4) , however, there was no significant difference between 4 and 6 mo of air-or CS-exposed p50 Ϫ/Ϫ mice (data not shown). MMPs, particularly increased levels of MMP-9 and MMP-12, are involved in CS-induced alveolar wall destruction (59) . The levels of MMPs (MMP-9 and MMP-12; Fig. 4C ) were increased in lungs of p50-knockout mice in response to CS and air exposures compared with WT group. Taken together, these data suggested that p50 plays an important role in maintaining lung integrity.
Targeted disruption of p50 increased IB␣ degradation only in response to 8 wk, but not 3 days, of CS exposure. Targeted disruption of p50 was verified by Western blotting. As shown in Fig. 5 , both the p105 precursor and processed p50 protein were undetectable by anti-p105/p50 antibody in p50 Ϫ/Ϫ mice. In light of our data showing increased NF-B-dependent proinflammatory mediators release in lungs of p50 Ϫ/Ϫ mice exposed to CS (Fig. 3) , the nuclear translocation of RelA/p65 was determined indirectly by measuring IB␣ degradation. Immunoblot analysis showed that IB␣ level in lung cytosolic fraction of WT and p50 Ϫ/Ϫ mice was decreased in response to CS exposure. Interestingly, lungs of p50 Ϫ/Ϫ mice showed significant difference in IB␣ degradation compared with WT only in response to 8 wk, but not to 3 days, of CS exposure (Fig. 5) . These results suggest that p50 Ϫ/Ϫ mice have increased proinflammatory response to acute CS even if the nuclear translocation of NF-B (IB␣ degradation) is the same in WT and p50
Ϫ/Ϫ mice. Genetic ablation of p50 led to increased activation of RelA/ p65 and decreased levels of RelB in mouse lungs. Apart from the nuclear translocation of RelA/p65, posttranslational modi- Fig. 2 . Increased macrophage influx into the lungs of p50 Ϫ/Ϫ mouse in response to CS exposure. Lung sections of air-or CS-exposed WT and p50 Ϫ/Ϫ mice were stained with anti-mouse Mac-3 antibody. Mac-3-positive cells (dark brown) were identified by immunohistochemical staining, which were indicated by arrows in the picture (A; original magnification: ϫ200). The assessment of stained macrophages was performed (see insets) (B). Histograms are means of Ն3 experiments Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, significant compared with air-exposed WT mice. ϩP Ͻ 0.05, significant compared with CS-exposed WT mice.
fications such as site-specific phosphorylation and acetylation play a key role in the activation of NF-B and CS-mediated lung inflammation (10, 11, 50, 57, 58) . We assessed the activation of nuclear NF-B in mice lungs by measuring phosphorylation (Ser276 and Ser536) and acetylation (Lys310) of RelA/p65 subunit in response to CS exposure. The level of nuclear RelA/p65 was increased in lungs of CS-exposed WT and p50 Ϫ/Ϫ mice compared with respective air-exposed mice. CS exposure increased the phosphorylation of nuclear RelA/p65 on Ser276 and Ser536 residues and acetylation at Lys310 in lungs of WT mice, which were further increased in p50 Ϫ/Ϫ mice (Fig. 6) . Furthermore, the basal levels of phosphorylation and acetylation of RelA/p65 were also increased in p50 Ϫ/Ϫ mice compared with WT mice. The level of RelB was reduced, suggesting that antiinflammatory effect mediated by RelB is lost in p50-deficient mice. Together, these data indicated that increased phosphorylation and acetylation (and thereby activation) of RelA/p65 are the important contributing factors in CS-mediated NF-B-dependent proinflammatory mediator release in lungs of p50 Ϫ/Ϫ mice. Knockout of p50 increased the DNA binding activity of RelA/p65 in mouse lungs. An increase in RelA/p65 DNA binding is reported to occur in response to RelA/p65 acetylation, which results in increased transactivation of proinflammatory genes (10, 28, 32) . To further investigate the proinflammatory response seen in the lungs of p50 Ϫ/Ϫ mice, which showed increased RelA/p65 acetylation at Lys310, NF-B DNA binding was determined in mouse lungs in response to CS by EMSA. NF-B DNA binding activity was increased in the nuclear fractions of WT mouse lungs in response to 3 days and 8 wk of CS exposures. Lungs of p50 Ϫ/Ϫ mice showed increased basal and CS-induced NF-B DNA binding compared with corresponding WT mice (Fig. 7) . These results corroborated the above observations showing the proinflammatory response of p50 Ϫ/Ϫ mice was associated with increased activation of NF-B in response to CS.
IKK2 inhibitor attenuated CS-mediated neutrophil influx in WT but not in p50
Ϫ/Ϫ mice. To gain insight into the mechanism of NF-B activation in p50 Ϫ/Ϫ mice, we investigated whether IKK2 inhibitor (30 mg/kg ip IMD-0354) could prevent the CS-mediated proinflammatory response in p50 Ϫ/Ϫ mice by reducing the nuclear entry of RelA/p65. Acute CS exposure (3 days) did not change the number of total cells and macrophages in BAL fluid (Fig. 8, A and B) . WT and p50 Ϫ/Ϫ mice showed increased neutrophil influx in BAL fluid in response to CS at 4 h of postlast exposure (Fig. 8C) . Moreover, there was no significant difference between WT and p50 Ϫ/Ϫ mice as observed at 24 h of postlast exposure to CS (Fig. 1) . Pretreatment of IKK2 inhibitor decreased CS-mediated neutrophil influx in WT mice compared with corresponding CS-exposed mice. Surprisingly, there was no difference in neutrophil influx in IKK2 inhibitor-administered p50 Ϫ/Ϫ mice compared with corresponding vehicle group in response to CS (Fig. 8C) . These results demonstrated that IKK2 inhibitor decreased proinflammatory cell influx only in WT but not in p50 Ϫ/Ϫ mice.
IKK2 inhibitor decreased the proinflammatory cytokine levels in response to CS in WT but not in p50
Ϫ/Ϫ mice. To confirm the effect of IKK2 inhibitor on CS-mediated lung inflammation in p50
Ϫ/Ϫ mice, the levels of proinflammatory cytokines such Ϫ/Ϫ mice. Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, ##P Ͻ 0.01, ###P Ͻ 0.001, significant compared with air-exposed WT mice. ϩP Ͻ 0.05, ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.001, significant compared with CS-exposed WT mice.
as MCP-1 and IP-10 were measured in lung homogenates. CS exposure increased the levels of MCP-1 and IP-10 in lungs of WT and p50 Ϫ/Ϫ mice compared with respective air-exposed WT/p50 Ϫ/Ϫ mice (Fig. 9) . In addition, lungs of p50 Ϫ/Ϫ mice showed significantly (P Ͻ 0.05) increased levels of IP-10 compared with CS-exposed WT mice (Fig. 9B ). IKK2 inhibitor pretreatment significantly decreased the levels of MCP-1 and IP-10 in WT mice compared with vehicle-treated group in re- Ϫ/Ϫ mice. Arrows indicate the air space enlargement (A; original magnification: ϫ200). Mean linear intercept (Lm) was calculated in H&E-stained slides (B). The levels of matrix metalloproteinases MMP-9 and MMP-12 were estimated in the lung of acute (3 days) and chronic (6 mo) air-or CS-exposed mice by immunoblotting (C). **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, significant compared with airexposed WT mice. ϩϩP Ͻ 0.01, significant compared with CS-exposed WT mice.
sponse to CS exposure. However, p50
Ϫ/Ϫ mice did not show any change in CS-mediated increase in MCP-1 and IP-10 in response to IKK2 inhibitor pretreatment. These results confirmed that the posttranslational modifications (phosphorylation and acetylation) of NF-B, rather than nuclear entry, are the key in mediating hyperinflammatory response seen in p50 Ϫ/Ϫ mice. Targeted disruption of p50 altered CS-mediated chromatin remodeling. It has been shown that phosphorylated RelA/p65 facilitates the recruitment of CBP/p300 and other coactivators to chromatin and thereby induces chromatin remodeling (9, 32, 39) . Our data showed increased phosphorylation, acetylation, and DNA binding of nuclear RelA/p65 in p50 Ϫ/Ϫ mice. Chromatin modifications (phosphoacetylation of histone H3 and acetylation of histone H4) were measured in WT and p50 Ϫ/Ϫ mice in response to CS exposure using acid-extracted histone proteins by Western blotting. Phosphoacetylation of histone H3 (Ser10/Lys9) and acetylation of H4 (Lys12) were increased in acute CS-exposed WT mouse lungs (Fig. 10) . Targeted disruption of p50 further increased the degree of histone modifications compared with WT mice in response to CS exposure. These results suggested that the proinflammatory response seen in p50 Ϫ/Ϫ mice is associated with increased chromatin modifications, which allow the binding of transcription factors, such as activated RelA/p65, on various proinflammatory gene promoters.
DISCUSSION
It is known that NF-B (subunit RelA/p65) is involved in CS-mediated lung proinflammatory response in rodents, smokers, and patients with COPD (39, 49, 57) . However, the role of p50, the heterodimerization partner of RelA/p65, in regulation Ϫ/Ϫ mice in response to air or CS exposures. Gel pictures shown are representative of Ն3 separate experiments (A). After densitometric analysis, the values of p50, p105, and IB␣ were normalized against ␤-actin, respectively (B). Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, ***P Ͻ 0.001, significant compared with respective airexposed mice. ###P Ͻ 0.001, significant compared with air-exposed WT mice. ϩϩP Ͻ 0.01, significant compared with CS-exposed WT mice. After densitometric analysis, the values of phosphorylated (p-) p65, acetylated (Ac-) p65, p65, and RelB were normalized against lamin B and ␤-actin, respectively (C). Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, ##P Ͻ 0.01, ###P Ͻ 0.001, significant compared with air-exposed WT mice. ϩP Ͻ 0.05, ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.001, significant compared with CS-exposed WT mice. S, serine. of NF-B-mediated proinflammatory response, particularly by CS, is unknown. We used p50-knockout mice to understand the role in p50 in lung inflammation and lung physiology in response to acute, subchronic, and chronic CS exposures. CS-induced proinflammatory response, especially the release of proinflammatory cytokines/chemokines, is mediated by recruiting macrophages and neutrophils into the lung tissues (2, 43, 59, 60) . Therefore, we exposed p50-knockout and WT mice to CS from 3 days (acute) up to 6 mo (chronic) and measured the inflammatory cell influx in BAL fluid and lung tissue. This hypothesis is supported by the observation that p50 is capable of upregulating the anti-inflammatory gene (IL-10) promoter, whereas other NF-B subunits do not have this property (6) . No differences in neutrophil influx in BAL fluid were apparent between WT and p50 Ϫ/Ϫ mice when exposed to air, whereas in response to CS, p50 Ϫ/Ϫ mice showed increased neutrophil influx in BAL fluid compared with WT mice. There was no significant difference in macrophage counts in BAL fluid between WT and p50 Ϫ/Ϫ mice in response to CS, but the influx of macrophages into the lung tissue was increased in p50 Ϫ/Ϫ mice compared with WT mice, which was augmented in response to CS exposure. The susceptibility of p50 Ϫ/Ϫ mice to CS-mediated inflammation is confirmed by the increased levels of NF-B-dependent proinflammatory mediators MCP-1 and IP-10 in lungs of p50 Ϫ/Ϫ mice compared with WT mice. The increased inflammatory cell influx in lung tissue of p50 Ϫ/Ϫ mice could be responsible for increased proinflammatory cytokine release. These findings are corroborated with the previous observations that p50 Ϫ/Ϫ mice showed an augmented proinflammatory response to LPS (17, 31), IL-1 (5), Escherichia coli pneumonia (30) , and myocardial infarction (48) , which was associated with increased NF-B activity and NF-B-dependent proinflammatory cytokine release (19) . However, p50 Ϫ/Ϫ mice showed reduced inflammatory response to ovalbumin (55), IL-1/methylated BSA (4), IL-13 (8) , and ozone (14) . Moreover, p50 inhibitor andrographolide prevented NF-B activation in inflammation and deep vein thrombosis (27, 54) . The reason for this discrepancy is not known. However, NF-B is activated in response to various proinflammatory stimuli through different signaling pathways, which might be a reason for the different inflammatory response of the p50 Ϫ/Ϫ mice to various stimuli. In addition to the increased proinflammatory response to CS exposure as discussed above, p50 Ϫ/Ϫ mice showed spontaneous emphysema after 4 mo of air exposure. This spontaneous air space enlargement was evidenced by a significant increase in Lm, which represents the average size of alveoli, which was further increased in response to chronic CS exposure (4 mo). A similar trend was observed after 6 mo of air and CS exposure to p50 Ϫ/Ϫ mouse lung. The increase in air space enlargement may be due to the increased levels of MMPs in the lungs of p50 Ϫ/Ϫ mice, such as MMP-9 and MMP-12, which play a key role in pathogenesis of emphysema formation (15, 20, 48) . It suggests that genetic ablation of p50 in mice affects basal activity thus leading to activation or induction of MMPs, which Ϫ/Ϫ mice in response to CS exposure. Nuclear NF-B-DNA binding activity in the lung of air-/CS-exposed WT and p50 Ϫ/Ϫ mice was measured by EMSA using radiolabeled NF-B oligonucleotide. The specificity of NF-B signals was determined by specific and nonspecific competitor reactions by adding excess of nonlabeled NF-B (specific) and activator protein-1 (nonspecific) oligonucleotides to HeLa extract. Positive and negative control reactions were also performed by using HeLa nuclear extracts and water, respectively. Gel pictures are representative of 3 separate experiments. Sp, specific; NS, nonspecific; ϩve, positive control; -ve, negative control. After densitometric analysis, each value was normalized against air-exposed WT mice. Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, ##P Ͻ 0.01, significant compared with air-exposed WT mice. ϩP Ͻ 0.05, ϩϩP Ͻ 0.01, significant compared with CSexposed WT mice. may be key players involved in air space enlargement in p50-deficient mice.
The transcription of proinflammatory cytokines, chemokines, and MMPs are regulated by the transcription factor NF-B, especially RelA/65-p50 heterodimers (36, 51) . NF-B activity is mainly controlled by its association with the IB proteins, which prevents NF-B entering into the nucleus. CS exposure increased the degradation of IB␣ in WT and p50 Ϫ/Ϫ mice lungs, which was associated with increased nuclear levels of RelA/p65. Interestingly, there was a significant difference in IB␣ degradation and nuclear RelA/p65 levels between WT and p50
Ϫ/Ϫ mice only in response to subchronic, but not to acute, CS exposure. Our data further show that the nuclear translocation of NF-B was similar in WT and p50 Ϫ/Ϫ mice, although p50 Ϫ/Ϫ mice showed increased proinflammatory response to acute CS exposure. However, during chronic CS exposure condition, sustained proinflammatory cell influx might cause increased release of proinflammatory mediators and reactive oxygen species, which lead to increased IB␣ degradation (via IKK2 activation) and nuclear translocation of RelA/p65 as seen in lungs of p50 Ϫ/Ϫ mice compared with those of WT.
The increased NF-B-dependent cytokine release in p50
Ϫ/Ϫ mice might be due to increased activation/posttranslational modifications of RelA/p65 as well as due to the absence of its dimerization partner, p50. To prove this contention, we tested the phosphorylation and acetylation status of RelA/p65 in the nuclear fractions of lungs of p50 Ϫ/Ϫ in response to CS. We observed that p50 deficiency leads to increased phosphorylation of RelA/p65 on Ser276 and Ser536. CS-mediated increase in RelA/p65 phosphorylation was further increased in lungs of p50 Ϫ/Ϫ mice compared with WT. Phosphorylation of RelA/ p65 at Ser276 promotes the interaction with coactivating acetylase CBP/p300 (32, 33, 56, 57, 61) , whereas phosphorylation at Ser536 is a prerequisite for acetylation of RelA/p65 at Lys310 (11) . Acetylation of RelA/p65, especially at Lys310, is required for full transactivation function of RelA/p65 (10, 11). Fig. 9 . IKK2 inhibitor decreased proinflammatory cytokine levels in lungs of WT, but not p50 Ϫ/Ϫ , mice in response to CS exposure. Lung levels of proinflammatory mediators such as MCP-1 (A) and IP-10 (B) were measured in vehicle or IMD-0354-administered mice, which were killed at 4 h of postlast exposure to CS. Data are shown as means Ϯ SE (n ϭ 3-4 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, significant compared with air-exposed WT mice. ϩP Ͻ 0.05, significant compared with CS-exposed WT mice. #P Ͻ 0.05, ##P Ͻ 0.01, significant compared with vehicle-administered CS-exposed WT mice. Ϫ/Ϫ mice, in response to CS exposure. Total (A), macrophage (B), and neutrophil (C) numbers were counted in Diff-Quik-stained cytospin slides, which were prepared using BAL fluid collected from mouse lungs at 4 h of postlast CS exposure. Administration of IKK2 inhibitor (30 mg/kg ip for 3 days) to mice at 2 h before CS exposure was indicated as IMD-0354. Data are shown as means Ϯ SE (n ϭ 3-4 per group). ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, significant compared with vehicle-administered CS-exposed WT mice.
CS exposure induced the acetylation of RelA/p65 at Lys310 in WT mouse lungs as reported earlier in vivo and in vitro (40, 59) , which was further increased in p50 Ϫ/Ϫ mice. Furthermore, the basal level of acetylation was also increased in lungs of p50 Ϫ/Ϫ mice compared with air-exposed WT. Genetic ablation of p50 indicates that the p50 subunit plays a vital role in regulating modifications in RelA/p65 leading to increased phosphorylation and acetylation (activation) even in the absence of proinflammatory stimuli. Activation of RelA/p65 was associated with reduced levels of RelB in p50-knockout mice exposed to CS. RelB is known to act as an anti-inflammatory transcription factor, and it has been shown that p50 compensates in control of proinflammatory response in RelB-deficient mice (52) . Loss of p50-RelB would lead to severe inflammatory response in mouse lung as shown by our data. Overall, these results indicate that p50 subunit plays a regulatory role in controlling the posttranslational modifications of RelA/p65 and thereby limits NF-B activity.
Posttranslational modifications such as phosphorylation and acetylation regulate the DNA binding properties of RelA/p65 and recruitment of transcriptional coactivators (9) . Previous reports showed that CS-mediated phosphorylation and acetylation of RelA/p65 is associated with increased NF-B DNA binding and histone modifications, which result in proinflammatory cytokine release (28, 32, 59) . Genetic ablation of p50 leads to increased DNA binding ability of RelA/p65 in basal condition as well as in response to CS exposure. Binding of activated NF-B to DNA leads to recruitment of transcriptional coactivators to the chromatin and thereby causes chromatin remodeling. We observed the increased phosphorylation of histone H3 at Ser10, an early step in chromatin remodeling that facilitates its interaction with CBP (37, 45). CS-mediated acetylation of histone H3 at Lys9 and histone H4 at Lys12 is also increased in lungs of p50 Ϫ/Ϫ mice compared with WT. Acetylation of histones unwind the chromatin for the binding of transcription factors to various proinflammatory gene promoters, which is, at least in part, responsible for increased proinflammatory response seen in p50 Ϫ/Ϫ mice. Overall, our data suggest that p50 regulates RelA/p65 modifications, DNA binding activity, and chromatin remodeling.
In NF-B pathway, phosphorylation-mediated degradation of IB␣ by IKK, especially by IKK2, is essential in the nuclear translocation of NF-B-RelA/p65 and its activation (9, 39) . A selective IKK2 inhibitor, IMD-0354, is reported to reduce nuclear translocation and activation of NF-B by suppressing IKK2 and IB␣ degradation (22, 34, 35) . Administration of IKK2 inhibitor showed anti-inflammatory effect against CS in WT mice by significantly reducing neutrophil influx into BAL fluid and the levels of proinflammatory mediators such as MCP-1 and IP-10 in mouse lung. Interestingly, IKK2 inhibitoradministered p50 Ϫ/Ϫ mice did not show any reduction in neutrophil influx or in lung cytokine levels compared with vehicle-administered p50 Ϫ/Ϫ mice in response to CS. This might be due to the increased posttranslational modification/ activation of RelA/p65 seen in p50 Ϫ/Ϫ mice, which mediates the NF-B-dependent proinflammatory response despite reduction in the nuclear translocation of RelA/p65. These results further support the role of increased posttranslational modifications (phosphorylation and acetylation and hence sustained binding of RelA/p65 on proinflammatory promoters) in CSmediated proinflammatory response seen in p50 Ϫ/Ϫ mice rather than the change in the nuclear translocation of RelA/p65.
In conclusion, targeted disruption of p50 resulted in increased lung inflammatory response to CS exposure, which Fig. 10 . Knockout of p50 led to increased chromatin remodeling in mouse lungs in response to CS exposure. Chromatin modification was assessed by measuring phosphorylation (at Ser10) and acetylation (at Lys9) of histone H3 and acetylation of histone H4 (at Lys12) in the lung by immunoblotting using acid-extracted nuclear histone fraction. Gel pictures shown are representative of Ն3 separate experiments (A). After densitometric analysis, the values of Ac-/p-He and Ac-H4 were normalized against total H3 and H4, respectively (B). Data are shown as means Ϯ SE (n ϭ 3-4 per group). ***P Ͻ 0.001, significant compared with respective air-exposed mice. #P Ͻ 0.05, ###P Ͻ 0.001, significant compared with air-exposed WT mice. ϩϩP Ͻ 0.01, ϩϩϩP Ͻ 0.001, significant compared with CS-exposed WT mice.
was associated with increased posttranslational modifications such as phosphorylation and acetylation of RelA/p65, increased RelA/p65-DNA binding activity, and histone modifications. Increased NF-B activation and MMPs levels in p50 Ϫ/Ϫ mice may have an effect in CS-induced air space enlargement in p50 null mice, suggesting that p50 plays a regulatory role by masking the proinflammatory effects of RelA/p65 (subunit of NF-B) by reducing its phosphorylation, acetylation, and DNA binding. These data demonstrate the role of p50 in NF-B regulation and in lung pathophysiology.
